How to manipulate acoustic waves through thinner structures is always a challenging problem due to the linear proportional relationship between the structural thickness and the acoustic wavelength.
How to manipulate acoustic waves through artificial structures has been a research topic for centuries. In general, when the acoustic wavelength gets longer, a thicker structure is needed to ensure the effectiveness of acoustic wave manipulation. Therefore, it is still difficult to reduce the size of the structure when manipulating long-wavelength acoustic waves in engineering practices [1] . In the past decades, great progresses have been made in manipulating acoustic waves through novel structures, such as phononic crystals [2] [3] [4] , acoustic metamaterials [5] [6] [7] [8] [9] [10] [11] and acoustic metasurface [12, 13] . Especially for low-frequency operations, many works have achieved excellent results through certain subwavelength resonance structures, such as Helmholtz resonators (HRs) [14] [15] [16] [17] , space-coiling (SC) and labyrinthine structures [18] [19] [20] . The thickness of the corresponding acoustic structures can even be less than 1/100 of the manipulated wavelength [21, 22] . Nevertheless, since the acoustic artificial structures are based on the three-dimensional structure designs to control the losses and delays of acoustic waves passing through them, even for the above resonance structures, the structure's scale must match the wavelength to maintain the resonance effect. Therefore, due to the linear proportional relationship between the structure thickness and the wavelength, the structural thickness must be increased in proportion to the wavelength to maintain its manipulation function. In this letter, we propose a method to manipulate acoustic waves by the strong-coupling effects of the self and mutual radiation (SMR) between acoustic waves from different holes in a zero-thickness two-dimensional plane, which could break the linear proportional relationship between the structure thickness and the wavelength.
Considering the perspective of specific physical mechanisms, the essence of acoustic wave manipulation is to obtain the required air vibration velocity field on the transmission or reflection surface of the structure, and then the target acoustic field can be established by the acoustic waves radiated from the surface. Taking the above mentioned acoustic metamaterials as an example, the amplitude and phase distribution of the desired air vibration velocity field can be obtained on the exit surface due to the losses and delays caused by the resonance structures, which is always considered as the result of the acoustic wave manipulation based on acoustic structures. At the same time, it is worth noting that the acoustic radiation itself can also modulate the amplitude and phase distribution of the air vibration velocity on the exit surface by attaching an additional acoustic impedance when considering the SMR on the transmission or reflection surface. However, compared with the manipulation effect of acoustic structures, the SMR effect is always an infinitesimal and hardly affects the result of the wave manipulation through structures. Here, we carefully consider the possibility to manipulate acoustic waves only by SMR effect. Obviously, if the thickness of the acoustic structure is reduced to zero to form a perforated plane, the manipulation effect of resonance structures that depends on the existence of the inner space of the structure will disappear, but the SMR effect may still exist. Then we have the possibility to design a zero-thickness plane (ZTP) to control acoustic waves only by the SMR effect, instead of using the inner space of a traditional acoustic artificial structure, which means that the thickness of the plane will always remain zero when the wavelength get longer.
In the following, we present a theoretical model for manipulating transmitted waves only by controlling the strong-coupling SMR effect through a rigid perforated ZTP. As we known, acoustic metamaterials or phononic crystals are composed by structure units in a certain order or period, and the air vibration velocity field on the exit surface is dominated by the incident wave and the structural parameters of every unit. In order to facilitate theoretical research and comparative analysis, we number all the units by a sequence of 1, 2, 3, · · · , I, · · · , N in Fig. 1(a) , and the normal vibration velocities of the incident wave and transmitted wave of the I th unit are u , respectively. Then the relationship between the two normal velocities can be described as:
where
T are two column vectors that represent normal incident and transmitted velocities of each unit.
) is a macroscopic description of the structure's ability to manipulate acoustic waves, whose element A (I) e jΦ (I) represents the amplitude gain and phase delay caused by each unit.X is a matrix that denotes a macroscopic description of the SMR effect on both reflection and transmission surfaces, whose diagonal and non-diagonal elements express the self radiation effect and the mutual radiation effect between different units, respectively. As mentioned above, the SMR effectX is much smaller than the manipulation functionD for most acoustic structures. So theX can be ignored without affecting the manipulation result, and Eq. (1) becomes the general form:
However, if we compress the acoustic structure into a perforated ZTP as shown in Fig.   1(b) , the manipulation functionD of the structure will disappear when the structure disappears, and the acoustic wave manipulation is possible dominated by the SMR effectX from the perforated plane. Then Eq. (1) becomes:
So far, the acoustic manipulation problem has become how to implement a specific matrix X to produce the desired transmitted acoustic field. Specifically, the SMR effectX is contributed by acoustic radiation forces of the radiated acoustic fields from all units on the perforated ZTP. For each through-hole unit on the plane in Fig. 1(b) , the air inside the hole could be considered as an ultrathin air plate that will be forced to vibrate by the incident, reflected and transmitted acoustic waves. Since the scale of each hole is much smaller than the wavelength, the radiated wave from each air plate can be regarded as a spherical wave propagating along the surface. The radiated spherical wave will give a force to the air plate in each hole and change their vibration state. Thus, all these radiation forces will interact on all the units and modulate the air velocity distribution on the plane. Because there is no acoustic structure but only a perforated plane, the SMR effectX will become the strong-coupling effect and the main means of manipulating acoustic waves.
Although the ZTP can be theoretically designed as any curved profile, we use a square rigid plane as an example in our research in order to facilitate theoretical calculation and experimental measurement. The square rigid plane is an acoustic hard boundary and is fixed in an unbounded space such as an anechoic chamber. We carve pattern by drilling holes on the plane to allow acoustic waves to pass through, so that we can adjust the SMR effect and achieve the required air vibration velocity distribution on the plane. The pattern area is sequentially divided into N small square units with the same size in Fig. 1 (b), and each unit could be a through-hole (white) or a hard boundary (blue). The pattern area is described by a vector v = (1, 1, 0, · · · , 0) whose I th element represents the state of I th unit on the pattern: a through-hole (1) or a hard boundary (0). Finally, the distribution of the vibration velocity on the transmission surface can be obtained as: where E is an N-dimensional unit matrix, R 0 is an N-dimensional diagonal matrix whose Therefore, if the size of the rigid ZTP, the boundary conditions of the surrounding environment and the incident wave are preset, we can manipulate acoustic waves radiated from the transmission surface of the plane by designing a specific pattern drilled on it. By now, the acoustic wave manipulation process transfers from the interior of acoustic structure to the surface outside of the structure. That is, the manipulation of acoustic waves would no longer depend on the interior space of structure when we compress structure into zero, and finally the strong-coupling SMR effectX can be achieved by the perforated ZTP. For a given acoustic wave manipulation task, the pattern design of the perforated ZTP becomes a mathematical optimization problem, which aims to find out a specific pattern vector v to make a minimum difference between the transmitted acoustic field and the desired field.
We use the optimization algorithm method to find out the specific pattern on the ZTP for the specific acoustic application. Meanwhile, an NVIDIA graphic card is used to accelerate matrix calculation speed. The flow diagram of optimization algorithm is given in the Fig.   S2 of the supplementary material [23] .
In order to verify the validity and practicability of our approach, we propose two specific examples realized on the transmission side: acoustic focusing and acoustic holography. In these two cases, a square steel plate with 0.6m side length and 1mm thickness is used as the rigid ZTP. The experiment details are given in the supplementary materials [23] . In the acoustic focusing example, the pattern area is the square with a side length of 0.3m. We divide each side of the pattern area into 60 parts, and then 3600 units can be obtained. The 8.5kHz incident wave is radiated by a point source, which is located at 15cm away from the steel plate on its center axis in Fig. 2(a) . In the expected acoustic field as we design, the focus is located on the center axis and is 14.75cm away from the plate. Considering the symmetry of this problem, we designed the pattern area on four-axis symmetry (horizontal, vertical, two diagonal lines). The calculation area of acoustic field optimization is a square area perpendicular to the rigid plane, whose side length is 0.4m. Fig. 2(b) and Fig. 2(c) give the theory and simulation results of the acoustic field, respectively. We performed the corresponding experiment in the anechoic chamber, and the acoustic fields measured on the cross-section line and the focal axis are shown in Fig.   2 (d) and Fig. 2(e) . The experimental result agrees well with the theoretical result, which
shows that the rigid perforated plane works well in acoustic focusing situation. Meanwhile, the theory result of acoustic focusing without considering the SMR effect is also given in Fig. 3 , which shows that the acoustic focusing phenomenon disappears without considering the SMR effect. In this theory calculation, the non-diagonal elements in z xr is set into 0, that means, we do not consider the mutual radiation effect between units on the plane. All other parameters in the calculation are set as same as the acoustic focus example in Fig. 2. Comparing Fig. 2(b) and Fig. 3 , we can find that the SMR effect is the strong-coupling effects and the most important factor to manipulate acoustic waves for the rigid perforated ZTP.
FIG. 3. The theory result of acoustic focusing without considering the SMR effect.
Furthermore, in order to verify the method's flexibility, we design another rigid perforated plane to realize acoustic holography which is to radiate specific acoustic field into space [24] [25] [26] . As same as the acoustic focusing example, a square steel plate is also used as the rigid ZTP. The pattern area with a side length of 0.4m has been divided into 6400 units with 80 pieces on each side. The incident acoustic wave is radiated by a point source, which is 15cm far away from the plane and is located on the center axis of the plane. The image plane is parallelized to the steel plate and the distance between them is 0.3m. The desired acoustic field on the transmission side is a letter 'H' on the image plane, whose side length is 0.4m
in Fig. 4 . The theory and simulation results of the transmitted acoustic field on the image plane are shown in Fig. 4(b) and Fig. 4(c) . Since there is two axis symmetry (horizontal and vertical) in this problem, we just need to measure 1/4 part of the image plane in Fig. 4(d) .
It can be found that the measurement result fits well with the corresponding simulation and theory results. So far, from the above acoustic focusing and holography examples, we can achieve the conclusion that the SMR effect will be the strong-coupling effects for the rigid perforated ZTP, which can be successfully applied for different acoustic applications. Our method is also suitable for manipulating reflected waves, the acoustic holography examples of letters imaging and panda imaging on the reflection side of the ZTP are given in the supplementary materials Fig. S4 and Fig. S5 [23] . About 1/4 area of the holography plane is measured because of the symmetry.
In conclusion, we have demonstrated that acoustic waves radiate outward from the exit surface of a structure can be regarded not only as the result of wave manipulation but also as an efficient way to manipulate acoustic waves. We propose a new perspective and method to manipulate acoustic wave propagation by the strong-coupling SMR effect through a rigid perforated ZTP. It transforms the design problem of the three-dimensional functional acoustic material into the perforation design in the two-dimensional rigid plane. Ultrathin acoustic devices can be designed in practical engineering applications, especially for lowfrequency acoustic waves. Here, we deduce the theoretical result of the perforated zero-thickness plane (ZTP). We assume the ZTP as a rigid square plate which is located in an unbounded free space. The origin of the Cartesian coordinate system is at the center of the ZTP, where the z-axis is perpendicular to the plate. The plate is divided into N small square units of the same size, the I th unit is recorded as Σ (I) , and the scale of every unit is much smaller than the wavelength (Fig. S1 ). For every unit on the ZTP, we denote the set of all the acoustic hard boundary units as Σ w , and the set of all the through-hole units as Σ t , respectively. If the I th unit is an acoustic hard boundary, that means Σ (I) ∈ Σ w ; similarly, if the I th unit is a hole, then Σ (I) ∈ Σ t .
If the I th unit is an acoustic hard boundary, the normal vibration velocity of the acoustic wave must be zero on both sides of this unit:
where n is the unit vector of the normal direction of the plane, u If the I th unit is a through-hole, the acoustic boundary condition on it is the continuity of the normal vibration velocity and the acoustic pressure:
where u It is worth noting that the incident wave can be a plane wave, a spherical or any other type acoustic wave. Meanwhile, we suppose that the wavelength of the incident wave is smaller than the side length of the ZTP, so the diffraction effect could be ignored here.
We also assumed that the scale of each unit is much smaller than the wavelength, then the radiated acoustic field caused by each unit (including reflected and transmitted field)
can be regarded as a spherical wave radiated from a point source. So on the reflection or transmission surface, the vibration velocity vector of the acoustic wave radiating from one unit to another is parallel to the rigid plane:
Considering Eq. (S3), we can replace u
t , then Eq. (S1) and (S2) can be written as:
. . .
The simplified form of Eq. (S11) is:
T are three vectors that describe the set of normal vibration velocity on all the units of the incident, reflected and transmitted waves, respectively.
0 ) is a diagonal matrix that expresses the characteristic impedance of the incident wave on all the units, and z xr is a matrix that represents the self and mutual radiation (SMR) effect between all the units. The matrix unit of z xr is:
Eq. (S10) and (S12) give the math descriptions of the ZTP. Since z xr is reversible for most situations, from these two equations, we get:
where E is the unit matrix. So, if we have the specific pattern on the ZTP (z xr ) and the details of incident wave (u i and R 0 ), we can get u t or u r from Eq. (S14), and we can obtain the reflected acoustic field and transmitted acoustic field in the end. 
EXPERIMENT DETAILS
As shown in Fig. S3 , in the corresponding experiment, the pattern for holography or focusing is drilled on a square steel plate with 0.6m side length and 1mm thickness. Considering the wavelength of the manipulated wave, the steel plate could be regarded as a rigid plane close to zero-thickness. We carry out the related experimental measurements in the anechoic chamber. The perforated ZTP is set in the center of the anechoic chamber.
The acoustic point source (a piezoelectric ceramic sheet) is located on the axis of the ZTP and the microphone is fixed on the other side of the plane. The B&K PULSE system is used as our measurement instrument, which records the acoustic pressure measured by the microphone in space. 
REFLECTED WAVE MANIPULATION EXAMPLE
To further verify the manipulation ability of the ZTP, we also provide an acoustic holography example on the reflection side of the ZTP. According to Eq. (S14), we can obtain the desired acoustic field on the image plane by the distribution of reflection velocity u r on the ZTP:
We give three specific examples here: two are radiating letters 'm' and 'N' on the image plane and the third one is radiating a picture of panda on the image plane. The incident wave is a plane wave whose wave vector is vertical to the ZTP. The frequency of incident wave is 6kHz (letter 'm' and 'N') or 4kHz (panda). The image plane is located at the reflection side of the ZTP and 1cm away from the plane. For acoustic wave at 4kHz or 6kHz, 1cm
is a near-field distance that means we can use the evanescent wave in near-field to achieve higher resolution imaging.
In letter imaging, the ZTP is a square with a side length of 0.6m. The image plane is a square parallel to the ZTP whose side length is 0.24m. The imaging result is shown in Fig.   S4 .
In panda imaging, the ZTP and image plane are both square. The border lengths of the ZTP and image plane are 0.8m and 0.46m, respectively. The final result is expressed in Fig.   S5 . 
